Aims: Concomitant renin-angiotensin-aldosterone system blockade and natriuretic peptide system enhancement may provide unique therapeutic benefits to patients with heart failure and reduced ejection fraction (HFrEF). This study assessed the pharmacodynamics and pharmacokinetics of LCZ696 in patients with HFrEF. Methods: This was an open-label, noncontrolled single-sequence study. After a 24-h run-in period, patients (n = 30) with HFrEF (EF ≤ 40%; NYHA class II-IV) received LCZ696 100 mg twice daily (bid) for 7 days and 200 mg bid for 14 days, along with standard treatment for heart failure (HF) (except angiotensin-converting enzyme inhibitors [ACEIs] or angiotensin receptor blockers [ARBs]). Results: On Day 21, significant increases were observed in the plasma biomarkers indicative of neprilysin and RAAS inhibition (ratio-to-baseline: cyclic guanosine monophosphate [cGMP], 1.38; renin concentration and activity, 3.50 and 2.27, respectively; all, P < 0.05). Plasma NT-proBNP levels significantly decreased at all the time points on Days 7 and 21; plasma aldosterone and endothelin-1 levels significantly decreased on Day 21 (all, P < 0.05). Following administration of LCZ696, the C max of sacubitril (neprilysin inhibitor prodrug), LBQ657 (active neprilysin inhibitor), and valsartan were reached within 0.5, 2.5, and 2 h. Between 100-and 200-mg doses, the C max and AUC 0-12 h for sacubitril and LBQ657 were approximately dose-proportional while that of valsartan was less than dose-proportional. Conclusions: Treatment with LCZ696 for 21 days was well tolerated and resulted in plasma biomarker changes indicative of neprilysin and RAAS inhibition in patients with HF. The pharmacokinetic exposure of the LCZ696 analytes in patients with HF observed in this study is comparable to that observed in the pivotal Phase III study.
Introduction
Sacubitril/valsartan (LCZ696) is an angiotensin receptor neprilysin inhibitor (ARNI) providing concomitant inhibition of neprilysin (via LBQ657, the active metabolite of the prodrug sacubitril) and blockade of the angiotensin II type-1 (AT1) receptor (via valsartan) [1] .
The rationale for neprilysin inhibition is based on the cardiorenal effects of natriuretic peptides (NPs) and other neprilysin substrates that oppose the effects of the activated renin-angiotensinaldosterone system (RAAS) and the sympathetic nervous system (SNS). NPs exert their effects by activating membrane-bound guanylyl cyclase-coupled receptors (natriuretic peptide receptors [NPR]-A and [NPR]-B), thereby increasing the concentrations of the second messenger cyclic guanosine monophosphate (cGMP), which mediates several of the cardiovascular (CV) and renal effects of NPs, including blood pressure (BP) reduction, vasodilation, natriuresis, and diuresis, increase in glomerular filtration and renal blood flow, inhibition of renin and aldosterone release, reduction in sympathetic activity, antihypertrophic, and antifibrotic effects, and facilitation of lipolysis and mitochondrial biogenesis [2] [3] [4] [5] . In addition, AT1-receptor blockade by LCZ696 inhibits the adverse CV effects of angiotensin II and aldosterone [6] . The complementary effect of neprilysin inhibition and AT1 receptor blockade has been confirmed in patients with hypertension [7] . Moreover, in a recently completed Phase III outcomes trial (Prospective comparison of ARNI with ACEI to Determine Impact on Global Mortality and morbidity in Heart Failure [PARA-DIGM-HF]), LCZ696 was superior to the standard-of-care enalapril in reducing the CV and all-cause mortality and heart failure (HF) hospitalizations in patients with HF and reduced ejection fraction (HFrEF). [8] LCZ696 was approved recently for the treatment of patients with HFrEF based on the benefits of LCZ696 observed in the PARADIGM-HF trial [9, 10] .
The pharmacodynamic and pharmacokinetic properties following single-and multiple-dose administration of LCZ696 in healthy subjects have been previously reported [1] ; however, similar data have not been reported for patients with HFrEF. This study aimed at investigating the pharmacokinetics of LCZ696 analytes in patient with heart failure along with the effects of LCZ696 on pharmacodynamic biomarkers related to its mechanism of action.
Methods
This was an open-label, nonrandomized, noncontrolled, singlesequence, dose-titration Phase IIa study in patients with chronic HFrEF. The protocol was reviewed and approved by the Russian National Ethics Committee and the local ethics committees. Following written informed consent, eligible patients were admitted to the Center of Applied Clinical Pharmacology at Peoples Friendship University of Russia, Moscow, or the City Clinical Hospital #64, Moscow.
Eligibility Criteria
Male and female (nonchildbearing potential) patients (aged >18 years) with documented chronic HF, defined as New York Heart Association (NYHA) functional class II-IV, and a documented left ventricular ejection fraction (LVEF) of ≤40% were screened for enrollment. Patients had to receive standard-of-care HF medication at stable doses for ≥1 month before study entry. Other inclusion criteria were sitting systolic blood pressure (SBP) ≥110 mm Hg, estimated glomerular filtration rate ≥30 mL/min/ 1.73 m 2 , and serum potassium ≤5.2 mmol/L. The key exclusion criteria included isolated right HF, significant valvular disease, hypertrophic obstructive cardiomyopathy, secondary cardiomyopathy, previous or imminent cardiac transplantation, and unstable angina or recent myocardial infarction within 6 months before enrollment. Patients treated with combination therapy (i.e., angiotensin-converting enzyme inhibitors [ACEIs] and angiotensin receptor blockers [ARBs]), or with a history of angioedema or significantly elevated liver enzymes (>3 times the upper limit of normal) were excluded.
Study Design
Eligible patients entered a 24-h run-in period during which ACEIs/ARBs were stopped while other concomitant HF medications were maintained throughout the study period. Following the run-in period, patients could initiate treatment with LCZ696 at a dose of 50 or 100 mg twice daily (bid) based on their previously prescribed dose of ACEI/ARB for 7 days; the dose was subsequently up-titrated to 100 mg for 7 days (in those initiating LCZ696 at 50 mg bid) or to the target dose of 200 mg bid for 14 days (in those completing the LCZ696 100-mg bid treatment period, Figure 1 ).
To ensure patient safety and treatment compliance, patients were domiciled throughout the treatment period. A daily diet of 3 g sodium (1130 mEq) and 5 g potassium (128 mEq) was provided and standardized for all subjects throughout the study to eliminate the effect of dietary changes in measured pharmacodynamic parameters, including atrial natriuretic peptide [ANP]).
Key criteria requiring study discontinuation were as follows: serum potassium >5.5 mmol/L (confirmed by a repeat measurement), serum creatinine >3.0 mg/dL or doubled from baseline (confirmed by a repeat measurement), symptomatic or orthostatic hypotension, and uncontrolled hypertension (SBP >160 mm Hg).
Pharmacodynamic Assessments
Plasma pharmacodynamic assessments included ANP, cGMP, N-terminal pro-B-type natriuretic peptide (NT-proBNP), aldosterone, endothelin-1 (ET-1), and renin concentration (PRC) and activity (PRA). Plasma samples were collected at baseline, predose, and 4, 12, 16, and 24 h after the morning dose on Days 7 and 21 (i.e., after 7 and 14 days of LCZ696 100-and 200-mg bid treatments, respectively). Urine samples were collected over 24 h in 12-h time intervals (8:00-20:00 h and 20:00-8:00 h) to measure urine volume and biomarkers (sodium, potassium, creatinine, ANP, cGMP, and NT-proBNP) at baseline, and Days 7 and 21.
Pharmacokinetic Assessments
Plasma concentration-time profiles and steady-state pharmacokinetic parameters were determined for sacubitril, LBQ657, and valsartan following oral administration of LCZ696 on Days 7 and 21. Blood samples for pharmacokinetic analysis were collected at predose and 0.5, 1, 2, 3, 4, 6, 12, and 24 h after the morning dose on Days 7 and 21. Additional pharmacokinetic blood sampling was performed at 48 and 72 h after the morning dose on Day 21. Noncompartmental analysis was performed for the pharmacokinetic parameters: maximum plasma concentration (C max ), time to reach maximum plasma concentration (T max ), area under the concentration-time curve from time zero to 12 h at steady state (AUC 0-12 h ), and elimination half-life (T 1/2 ).
Assay Methods

Pharmacodynamics
Plasma and urinary levels of cGMP were measured using Amersham cGMP Enzyme immunoassay (EIA) Biotrak System (GE Healthcare); plasma levels of ET-1 were measured using Human Endothelin-1 QuantiGlo â ELISA Kit (QET00B; R&D SYSTEMS); aldosterone plasma levels were measured using Aldosterone RIA kit (DSL-8600 ACTIVE â ; Diagnostic Systems Laboratories Inc. );
PRC was measure using Renin III Generation RIA kit (RENINE;
Cis Biointernational); and PRA was measured using Angiotensin I RIA kit (REN-CT2; Cis Biointernational). Plasma and urinary levels of ANP and NT-proBNP were measured using Atrial Natriuretic Factor (1-28) EIA kit (S-1131; Bachem) and Elecsys NTproBNP immunoassay (Roche Diagnostics), respectively. Sodium, potassium, and creatinine were analyzed using standard laboratory techniques.
Pharmacokinetics
Plasma levels of sacubitril, LBQ657, and valsartan were analyzed using a validated liquid chromatography with tandem mass spectrometry method with a lower limit of quantification of 1.0 ng/ mL for all the analytes [1] .
Safety Assessments
The safety and tolerability assessments included electrocardiogram monitoring, vital signs, and electrolyte and laboratory panels for renal and hepatic safety. Details regarding BP measurements are provided in the Appendix S1.
Statistical Analysis
All patients who received at least one dose of the study drug were included in the safety and tolerability assessments. For the pharmacokinetic and pharmacodynamic analyses, patients who received at least one dose of the study drug and had at least one postbaseline assessment were included. For the plasma and urine pharmacodynamic biomarkers, geometric means were calculated at baseline and on Days 7 and 21. The geometric mean ratioto-baseline on Day 21 was calculated according to the baseline values for patients who completed the study. The geometric mean ratios and 95% confidence interval (CI) and the two-sided P values for the ratio-to-baseline were calculated using the paired t-test for log-transformed data.
Results
Patients
In total, 36 patients with chronic HF were screened, of whom 30 (NYHA functional class II [n = 17, 57%] and III [n = 13, 43%]) were enrolled in the study between May and July 2009. The mean (AEstandard deviation [SD]) age was 62 (9.3) years, and 83.3% (n = 25) were men. The mean (AESD) LVEF was 33.6% (4.56), and most patients had a history of MI (n = 27, 90%) and arterial hypertension (n = 26, 87%). The most common background medications were ACE inhibitors or ARBs (all patients), betablockers (n = 27, 90%), and acetylsalicylic acid (n = 27, 90%). Baseline demographics, medical history, and background or concomitant medications are summarized in Table 1 . All the patients initiated LCZ696 treatment at 100 mg bid for 7 days, and the dose was subsequently up-titrated to the target dose of 200 mg bid for 14 days.
Pharmacodynamic Effects of LCZ696
Biomarkers Related to Neprilysin Inhibition
Plasma
Significant increases from baseline, sustained throughout the dosing interval, were observed in plasma cGMP levels on Days 7 and 21 ( Table 2) . Plasma ANP was not significantly different from baseline during either of the treatment periods. 
Urine
Urinary cGMP levels showed a trend toward an increase by Day 7 and were significantly increased by Day 21; urinary ANP levels significantly increased by the end of each treatment period (Table 2) .
Biomarkers Related to AT1 Receptor Blockade
The plasma renin markers (PRC and PRA) significantly increased from baseline after the 7-day treatment with LCZ696 100-mg bid and the 14-day treatment with LCZ696 200 mg bid (Table 2) .
Biomarkers Indicative of Beneficial Pharmacodynamic Effects in HF
Plasma
There was a trend toward a reduction in predose plasma aldosterone and ET-1 levels on Day 7 as compared with baseline, which reached a statistical significance on Day 21 following LCZ696 
Urine
Urinary NT-proBNP decreased significantly with a ratio-to-baseline (95% CI) of 0.68 (0.55-0.83; P < 0.001) and 0.74 (0.59-0.94; P < 0.017) after LCZ696 100-mg bid treatment for 7 days and LCZ696 200-mg bid treatment for 14 days, respectively ( Figure 2) . No statistically significant changes were observed in the mean urinary sodium, potassium, and creatinine excretion during either of the treatment periods (Table S1 in Appendix S1).
Pharmacokinetics of LCZ696
Following oral administration of multiple doses of LCZ696 100 and 200 mg bid in patients with stable HF, plasma concentrations of sacubitril, LBQ657, and valsartan increased rapidly and reached peak plasma concentrations within 0.5, 2.5, and 2 h after the dose (median), respectively, in both the treatment periods ( Figure 3 and Table 3 ). The C max and AUC 0-12 h values for both sacubitril and LBQ657 were approximately dose-proportional between the 100-and 200-mg doses. However, the C max and exposure of valsartan appeared less than dose-proportional between the 100-and 200-mg doses. Plasma concentrations of sacubitril, LBQ657, and valsartan decreased with a mean T 1/2 of approximately 4, 18, and 14 h, respectively (Table 3) .
Safety and Tolerability
All 30 patients completed the 7-day treatment with LCZ696 100 mg bid and started the 14-day treatment with LCZ696 200 mg bid. In total, three patients (one patient with hyperkalemia at baseline) discontinued the study because serum potassium reached the prespecified upper threshold of 5.5 mmol/L. The remaining 27 (90%) patients completed the study treatment as per protocol.
Overall, adverse events (AEs) were reported in 21 (70.0%) of the 30 patients; in 16 (53.3%) and 15 (50.0%) patients during the 7-day titration period and the 14-day treatment period, respectively. No deaths or serious AEs occurred during the study. The most frequently reported AEs that occurred in four patients each were increased serum potassium and serum creatinine, PR prolongation, and dizziness. The frequency of AEs was not dose related, and most of the AEs resolved by the end of the study.
Reductions in the supine, mean 24-h ambulatory, and daytime and night-time SBP and DBP were noted on Day 7, and these changes were sustained up to Day 21 (Table S3 in Appendix S1). BP reduction was well tolerated; none of the patients experienced BP-related symptoms that required treatment discontinuation, and hypotension was not reported as an AE.
Further details on AEs and the effects of LCZ696 on BP are provided in the Appendix S1. ACE, angiotensin-converting enzyme; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; SD, standard deviation. Data are presented as n (%), unless otherwise specified. *Treatment with ACE inhibitors was discontinued before the study initiation.
Discussion
This study investigated the pharmacodynamics and pharmacokinetics of LCZ696 in patients with HFrEF. The study included patients who were receiving stable doses of standard-of-care HF medication including an ACE inhibitor and a beta-blocker at screening. A bid treatment schedule, similar to that used in the PARADIGM-HF trial, was used to ensure sustained 24-h neprilysin inhibition, and to reduce the risk of hypotension in patients with HF. The changes observed in the plasma and urinary biomarkers are consistent with the anticipated mechanism of action of LCZ696. The increases in urinary cGMP and ANP levels were consistent with neprilysin inhibition as reported in the previous studies [1, 11] . Furthermore, the significant increase in plasma cGMP levels was sustained throughout the dosing interval, indicating effective neprilysin inhibition and further supporting a bid dosing regimen in patients with HF. Notably, no significant changes in plasma ANP levels were observed; however, ANP is a labile analyte, requires careful sample handling including immediate freezing, and plasma samples were analyzed after expiry of the sample stability dates due to a technical error; therefore, changes in plasma ANP levels remain to be defined. RAAS inhibition by LCZ696 was evidenced by increases in PRA and PRC, which were similar to those observed in earlier studies with an ARB [12] . No significant changes were noted in the natriuresis; however, it remains challenging to determine the true effect of LCZ696 on natriuresis in the presence of concomitant use of diuretics. Neprilysin has a high affinity for biologically active NPs [13] but does not degrade NT-proBNP [14] , which therefore remains a cardiac biomarker reflecting the hemodynamic status and prognosis in patients with HFrEF receiving a neprilysin inhibitor. The potential hemodynamic improvement with LCZ696 treatment was corroborated by an early and sustained reduction in NT-proBNP levels, similar to that observed following hemodynamic unloading of the left ventricle [15] .
Neprilysin degrades numerous additional vasoactive peptides, including ET-1 and angiotensin II [16, 17] . Although elevation of NPs through neprilysin inhibition is expected to result in beneficial CV and renal effects in HF, potential increases in ET-1 and angiotensin II may potentially counteract these benefits. In this study, we demonstrated that LCZ696 treatment for 21 days in patients with HFrEF was associated with a decrease in ET-1 levels from baseline, suggesting that neprilysin-mediated ET-1 degradation may not be clinically relevant in this patient population or that ET-1 production may have been attenuated due to improved vascular homeostasis and endothelial function following LCZ696 treatment. Angiotensin II was not measured in this study; however, a potential increase in angiotensin II following neprilysin inhibition provides the rationale for concomitant AT 1 -receptor blockade with LCZ696.
Aldosterone antagonists effectively reduce adverse CV outcomes in patient with HFrEF [18] . LCZ696 decreased plasma aldosterone levels by 21% at Day 21. As both NPs and RAAS blockers may decrease aldosterone levels, it is not clear to what extent these findings reflect AT 1 -receptor blockade or NP facilitation, or both combined. Of note, a recent preclinical report showed that combined neprilysin and AT 1 blockade enhanced the aldosterone suppression effects of ANP and BNP in Ang-II-sensitized human adrenocortical cells [19] . Similarly, combined neprilysin and AT 1 blockade more effectively attenuated Ang-II mediated hypertrophic and fibrotic effects on cardiac and renal cells compared with stand-alone neprilysin inhibition and AT 1 blockade [2, 3] . These data underscore the complementary effects of combined neprilysin and AT 1 blockade as the potential mechanism for the observed benefits with LCZ696.
Based on prior pharmacokinetic characterization of LCZ696, it is well established that concentrations of the three analytes are at steady state after 3 days of dosing [20] . Hence, in the current study, all analytes would have been at steady state by the seventh day of dosing. The observed exposure for sacubitril, LBQ657, and valsartan in patients with HF was approximately 55%, 110%, and 132% higher, respectively, compared with the exposure observed in healthy subjects after LCZ696 200-mg bid administration [20] . This exposure is consistent with the increase in the estimated T 1/2 for sacubitril, LBQ657, and valsartan in patients with HF compared with healthy subjects, reflecting a reduction in the clearance of LCZ696 analytes in patients with HF potentially due to altered hepatic and/or renal function. The observed valsartan exposure following administration of LCZ696 200 mg bid in this study is similar to that observed when valsartan 160 mg bid was administered in patients with HF [21] . Furthermore, the observed exposure is similar to the exposure of LCZ696 analytes observed in the recently concluded PARADIGM-HF trial [Novartis data on file], which established the efficacy and safety of LCZ696 at doses up to 200 mg bid in patients with HF [8] .
Overall, treatment with LCZ696 100 mg bid for 7 days and 200 mg bid for 14 days was well tolerated, including the transition from previous ACE inhibitors or ARB therapy. In total, three patients withdrew from the study because of increased serum potassium values; however, baseline renal impairment in two patients and the use of an aldosterone antagonist in the third patient reflect a predisposition to increased serum potassium levels in these patients. In the PARADIGM-HF trial, LCZ696 treatment was associated with a lower incidence of hyperkalemia compared with enalapril [8] . Moreover, in a recent meta-analysis, combined neprilysin and RAAS inhibition (omapatrilat and LCZ696) was associated with better preservation of renal function compared with stand-alone RAAS inhibition [22] .
The main limitations of this study are the open-label, noncontrolled, single-sequence study design, and small sample size, which do not allow generalization of the safety and tolerability results or differentiation of the effects of neprilysin inhibition from those of ARBs on the pharmacodynamic endpoints.
In conclusion, the exposure to LCZ696 analytes in this study with intense PK sampling was comparable to the LCZ696 PK profile observed in the recently completed PARADIGM-HF trial utilizing sparse PK sampling. This study further demonstrates that administration of LCZ696 resulted in increased levels of plasma and urinary cGMP and increased urinary ANP, thereby providing evidence of neprilysin inhibition in patient with HFrEF. Additionally, treatment with LCZ696 decreased aldosterone and endothelin-1 plasma levels. Overall, these findings support the benefits of LCZ696 with regard to reduction in CV death, HF hospitalizations and all-cause mortality compared with enalapril as demonstrated in the PARADIGM-HF trial [8] .
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